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Transfer of experimental glomerulonephritis in chickens by mononu-
clear cells. We have produced experimental autoimmune glomerulone-
phritis (EAG) in histocompatible SC chickens by immunization with
different types of glomerular antigen. The development of EAG was
time, but not antigen, dependent. Transfer of mononuclear cells from
spleens and kidneys of nephritic animals resulted in EAG in naive
recipients. Transferred EAG developed earlier than in immunized
donors and was not associated with circulating or bound anti-GBM
antibodies. Control recipients did not develop disease from control cells
alone, soluble antigen, or antigen plus control cells. The cells which
transferred EAG appeared morphologically by light and electron mi-
croscopy to be lymphocytes, sedimented as lymphocytes, were positive
with anti-serum to thymocytes but negative with anti-bursa anti-serum,
stained as T-cells with monoclonal antibodies and underwent blast
transformation in response to mitogen and GBM antigen. Other organ
specific diseases have been transferred by cells alone; to our knowledge
this is the first description of glomerulonephritis transferred by cells
alone. This new pathogenetic process may play an important role in the
development of glomerulonephritis in other animal models as well as in
humans.
The importance of antibodies in the pathogenesis of glomer-
ulonephritis (GN) is well established [1, 2]; however, a role of
cell mediated immunity (CMI) alone has not been clearly
proven in the absence of the humoral immune system [3, 4]. We
have shown that GN can be produced in chickens by immuni-
zation with glomeruli (GLM) [5, 6]. The disease is associated
with circulating antibodies to glomerular basement membrane
(GBM) and deposits of chicken IgG along the GBM. Nonethe-
less, nephritic eluates are incapable of transferring disease [6].
GN also develops in bursectomized animals unable to produce
antibodies to GBM. These findings suggest the GN in this model
may be mediated by cellular, rather than humoral, immunity.
Adoptive transfers suggested cells could induce GN, but these
studies could not be carried out longer than a week due to
histoincompatibility [6]. The present work extends these trans-
fer studies utilizing histocompatible syngeneic SC chickens
[7—9]. We show that transfer of sensitized cells alone to naive
recipients results in GN without detectable anti-GBM antibod-
ies.
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Methods
Production of experimental autoimmune GN (EAG) in donor
chickens
A. Production of GN
Chickens. Syngeneic SC eggs from Hyline International
(Dallas Center, Iowa) were hatched in a professional incubator,
chicks transferred to a brooder for two weeks, then to the
vivarium for standard care. A total of 176 chickens were used
and served in part as mononuclear cell donors for cell transfer
and characterization studies.
Preparation of GLM. Fresh normal human, bovine, turkey
and random-bred chicken kidneys were frozen at —50°C until
use. They were thawed at 4°C in PBS and GLM isolated by
differential sieving [5, 6]. The purity of GLM was 98 to 99% and
95 to 98% for human and bovine GLM, while chicken and
turkey GLM were 80 to 85% and 80 to 82% pure, respectively.
Impurities consisted of tubular fragments. These were more
frequent with avian GLM which have many proximal tubules
the same diameter as GLM. GLM were washed in deionized
cold water (4°C), lyophilized, and stored dessicated at 4°C.
Immunization with GLM. One hundred twenty 6-week-old
chickens were randomly divided into five groups of 24 each.
Four groups were immunized with human, bovine, turkey, or
chicken GLM (10 mg dry wtlchicken) in sterile PBS emulsified
in complete Freund's adjuvant (CFA) containing M. tuberculo-
sis H37 Ra, 1 mg/mI (Difco Laboratories, Inc., Detroit, Michi-
gan, USA), 1: 1 voL/vol, and given in 1 ml final vol subcutane-
ously in the axilla. The animals were boosted every 10 to 14
days by the same regimen.
Control immunizations. A fifth group of 24 chickens was
immunized only with PBS in CFA by the same schedule as birds
receiving GLM. These birds served as control donors for cell
transfer studies. Other animals were immunized with 100 g
keyhole limpet hemocyanin (KLH) in CFA to assess immune
response in non-GLM immunized control birds.
B. Ilistopathologic studies
Tissue. Kidtiey was obtained from selected birds by biopsy or
sacrifice every 10 to 14 days beginning eight weeks after the first
immunization. Tissue was fixed in 10% buffered formalin for
light microscopy, in dry-ice-isopentane for immunofluores-
cence, and in 2% gluteraldehyde-paraformaldehyde for ultra-
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1. Glomerular histology index-scoring criteria
________
Normal glomerulus. Mesangial cell nuclei
clustered tightly in the center of the tuft,
capillaries patent peripheral to mesangial
nuclei. Bowman's space is open. No fibrin or
adhesions. Glomeruli of normal size.
Score—I Minimal mesangial hypercellularity. Mesangial
nuclei clustered tightly in center of tuft, but
show mild increase in number. Capillaries
patent and peripheral to mesangial nuclei.
Glomeruli of normal size or slightly enlarged.
Score—2 Mesangial hypercellularity. Mesangial cells
occupy most of the tuft and are not confined to
a cluster in the center of the tuft. Unequivocal
increase in cellularity. Capillaries are patent but
are adjacent to mesangial cell nuclei. Glomeruli
always enlarged. Bowman's space may be
obliterated.
Score—3 Marked mesangial hypercellularity. Mesangial
cells occupy entire tuft and are present between
capillary lumina. Capillaries may be
compressed and Bowman's space always
obliterated. The glomerulus is always increased
in size. Adhesions may be present.
Score—4 Maximum lesion. Marked mesangial
hypercellularity and increased glomerular size.
Bowman's space is always obliterated and
capillary lumina nearly always compressed.
Fibrin and adhesions may be present.
Crescents Eccentric or circumferential proliferative cellular
or fibrocellular lesions within Bowman's space.
structural analysis [101. Spleen and remaining kidney tissue
were used for isolation of mononuclear cells for transfer studies
and characterization of cells.
Pathological studies. Formalin fixed kidney tissues were
paraffin embedded, sectioned at 3 m, and stained by routine H
and E, and periodic acid Schiff's stains. Intensity of glomerular
proliferation was assessed on a 0 to 4+ scale and the presence
of crescents noted (Table 1, Fig. 1). Tissue sections were read
blindly without knowledge of the type or duration of immuni-
zation (BCS). Frozen kidney sections (4 tm thick) were exam-
ined with commercial monospecific fluoresceinated goat anti-
chicken IgG, IgA, 1gM, polyspecific IgA-G-M, albumin (Cappel
Laboratories, Inc., Cochranville, Pennsylvania, USA), and
anti-chicken fibrin and C-3 [5, 61. The same lots and dilutions of
all antisera were used for all specimens. Intensity of immune
deposits on GBM was scored on a 0 to 4+ basis. For statistical
analysis, subjective evaluations were given a numerical score,
such that 0 = 0, trace intensity = 0.5; 1 + = 1.0; 1 to 2 + = 1.5;
2+=2.0;2to3+=2.5;3+=3.O;3to4+=3.5;and4+
= 4.0. For ultrastructural analysis, specimens were embedded
in Polybed 812 with DDSA and NMA (Polysciences, War-
renton, Pennsylvania, USA) after post fixing in 2% osmium
tetroxide. Thin sections were cut with a Porter Blum
ultramicrotome, stained with lead citrate and uranyl acetate and
examined with Zeiss 9S-2 transmission electron microscope.
Four animals from each group immunized with different species
GLM were randomly selected for ultrastructural evaluation.
Only birds with ON by light microscopy and four control
cohorts were used. Three to four sections from each bird were
examined.
Cell transfer studies: Nephritic donors to naive recipients
We initially usd spleen cells from birds immunized with
chicken GLM or CFA and sacrificed recipients at six weeks to
determine if GN developed. Thereafter, cells derived from
donor kidneys were used and recipient kidney tissue obtained at
2, 6, and/or 10 weeks.
A. Preparation of mononuclear cells
One week after the eighth to tenth immunization, random
donor birds were sacrificed to donate cells. Kidneys and
spleens were harvested aseptically and kept in cold RPMI-l640
supplemented with 2 mrvi L-glutamine, 0.1 M HEPES buffer,
penicillin G, streptomycin and fungizone (100 U/mi, 100 tg!m1
and 25 tg/ml of medium, respectively, and sodium bicarbonate
(2 g/liter of medium), Gibco Laboratories, Grand Island, New
York, USA). Ten percent heat-inactivated chicken serum was
added to medium. Kidneys or spleens were minced, passed
through Swiss nylon monofilament, mesh count 378.6/inch
(Tetco, Inc., Elmford, New York, USA) and collected into 20
ml glass tubes. The filtrate was poured on Lymphoprep
(Nyegaard and Co., Oslo, Norway) and spun at 100 x g for 30
minutes at room temperature. Mononuclear cells were removed
and washed five times with cold RPM!- 1640. These steps were
repeated a second, and sometimes a third time to obtain clean
preparations. Wright's stain of splenic preparations showed
mononuclear cells, > 90% with lymphocyte morphology. There
was minimal contamination with platelets, erythrocytes, or
other cell types. Kidney cell preparations contained a large
number of mononuclear cells with the morphology of lympho-
cytes. These preparations also contained 10 to 30% cells which
were larger, with small nuclei and morphology of tubular cells
by cytologic examination. Only small, lymphocytoid cells were
counted when enumerating cells for transfers. In each prepara-
tion, cell viability was assessed by trypan blue exclusion.
Viability was 95 to 98% for kidney derived cells and 70 to 80%
for spleen derived cells.
B. Transfer of cells
Recipient chickens. Thirty-one 6-week-old chickens were
divided into seven groups. Animals received kidney derived
cells from each of the four types of GLM immunized donors,
spleen cells from chicken GLM immunized birds, or control
cells from kidney or spleens of CFA donors.
Administration of spleen or kidney derived lymphocytes.
Recipient chickens were injected i.v. with 1.3 x 106 to 3.1 x I08
viable spleen or kidney derived lymphocytes in 0.1 ml of
RPMI-l640. These were generally administered as a single
injection, although some animals received two injections one
week apart. Pooled donor cells were used in each case. Severity
of nephritis was not related to number of injections.
Effect of any transferred antigen in disease production. In
cell transfer experiments it is difficult to eliminate the possibility
that passive transfer of antigen with cells is responsible for
disease production. Three groups of chickens consisting of four
birds each were treated as follows to specifically address this
possibility.
Table
Score—O
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Fig. 1. Representative GLM showing varying degrees of mesangial cellularity. A. Normal, index = 0. B. 2+ mesangial cell proliferation, index
= 1.8. C. 4+ — proliferation, index = 4.0. All photographs are the same magnification. H&E x 700.
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a) Four birds received 94 g solubilized GBM i.v. and were
sacrificed 10 weeks later. This dose of antigen produced optimal
stimulation of sensitized cells in vitro and was arbitrarily
chosen for this reason.
b) Four birds received 106 cells from spleens of CFA immu-
nized controls after three days in incubation with solubilized
GBM, and were sacrificed at 10 weeks.
c) Four other birds received spleen cells from CFA immu-
nized birds after three days in culture without antigen. They
likewise were sacrificed at 10 weeks.
C. Tissue
Chickens injected with spleen lymphocytes were sacrificed
six weeks after receiving cells. In the other groups, kidney
biopsies were taken at 2, 6 and/or 10 weeks, Most animals were
sacrificed at 10 weeks. Kidney tissue was obtained at sacrifice
or by open biopsy performed under ether anesthesia.
D. Scoring of histology in recipients
The normal anatomy of the avian kidney is strikingly different
from that of mammals [11, 121. The kidney is divided into three
poorly-defined divisions—anterior, middle and posterior. Each
division is made up of several lobes, each of which drains into
a branch of the ureter. These divide and subdivide into a bundle
of collecting ducts which form the basis of medullary tracts.
Each of these medullary tracts drains a lobule which consists of
cortical tissue in the subcapsular region peripheral to the
medullary tract. An efferent vein lies centrally within each
lobule and is surrounded by a ring of GLM. The largest GLM
are at the juxtamedullary region closer to the collecting system
and are the "mammalian" type. The more distal or subcapsular
are "reptilian" type GLM. These two types of GLM differ
markedly in size and cellularity in the normal bird. They are
characterized by a central core of mesangial cells surrounded
by mesangial matrix adjacent to capillary lumens (Fig. 1A,
Table 1). Capillary lumens are widely patent and Bowman's
space shows a distinct clear area between the capillary 1oops
and Bowman's capsule. GLM are not involved simultaneously
or uniformly during the development of spontaneous or exper-
imental GN [13, 14]. The larger juxtumedullary "mammalian"
GLM become involved first. This is associated with GLM
enlargement from an increase in the size of the tuft (Fig. 1B,
Table 1). There is an increase in the mesangium and prolifera-
tion of these cells with impingement on the capillary lumen and
then enlargement of the GLM to reduce Bowman's space. In
severe disease, the GLM capillaries are compressed and devoid
of red cells and the tuft fills the capsular space (Fig. 1C, Table
1). Severe GN can develop in juxtumedullary GLM with
minimal involvement of "reptilian" subcortical GLM. In more
advanced GN the process also includes the subcapsular "reptil-
ian" type GLM. For these reasons, histologic changes in
recipients of cells were also analyzed quantitatively using a
histologic index [6]. Sections were read without knowledge of
the previous qualitative analysis and assessed in terms of
percentage of GLM in a given section with proliferation from 0
to 4+. For these purposes, ten deep corticomedullary GLM and
ten superficial subcapsular GLM were evaluated blindly by
BCS and WKB. A histologic index was then calculated by
multiplying the percentage of glomeruli with a particular his-
tologic grade by the grade, divided by 100. Thus, the lowest
score would be zero and the highest possible score would be
4.0. Tissue sections were randomized and read as described
above without knowledge of the type of cell the recipient had
received or time after receipt of cells.
E. Antibody assays
Sera from recipient animals were examined by indirect im-
munofluorescence for circulating anti-GBM antibodies [61. In
addition, certain sera and kidney citrate-citric acid eluates of
donor and recipient chickens were examined by ELISA using
Immulon II plates (Dynatech Laboratories, Inc., Alexandria,
Virginia, USA) coated with collagenase solubilized chicken
GBM 10 pg/ml [15]. Controls included buffer alone, blanks
without second antibody, and omission of GBM antigen.
Known negative and positive eluates and sera were also run.
Selected sera from CFA control donors were examined by
ELISA using preservative free PPD-CT68, 80 g protein to coat
wells (Connaught Laboratories, Limited, Willowdale, Ontario,
Canada). Antibody to KLH was similarly assayed using 50 g
KLH to coat wells.
Characterization of transferred cells
The assays for CMI and transfer studies were performed
using the same donor cohorts, but not the same donors per Se.
Cells were derived from nephritic donors, but the identical cell
preparations could not be used simultaneously for transfers and
assays due to constraints of number of harvested cells, time,
and personnel.
A. Electron microscopy of kidney cell pellet
A suspension of kidney derived cells was centrifuged, the
supernatant discarded and the pellet fixed in 3% buffered
gluteraldehyde. After fixing in 2% osmium tetroxide and serial
dehydration in alcohol, it was cut into small pieces and embed-
ded in Araldite (Polysciences, Warrenton, Pennsylvania, USA).
Thin sections on copper grids were stained with lead citrate and
uranyl acetate, and examined with a Zeiss 9S-2 transmission
electron microscope.
B. Surface markers
Surface 1g. Pooled preparations of donor spleen or kidney
derived mononuclear cells were stained with fluoresceinated
goat anti-chicken 1g. One million cells were spun to a pellet and
incubated with 25 d of anti-chicken Ig for 20 minutes. Fluid
was poured off and cells washed three times with cold PBS
supplemented with 5% FCS and 0.02% sodium azide. A wet
preparation was examined to determine the percentage of
lymphocytes bearing surface 1g.
Polyclonal antisera to thymus and bursa. Rabbit antilympho-
cyte antisera were produced by the two pulse immunization
method of Levey and Medawar [16]. Thymus or bursal cells
from adult SC chickens were teased out into RPMI medium,
filtered through #378 nylon mesh and purified by centrifugation
on Lymphoprep for 30 minutes at room temperature. Lympho-
cyte layers were washed twice in PBS and filtered again through
nylon mesh immediately before injection. New Zealand white
rabbits were immunized i.v. twice, 14 days apart with i09 cells,
and exsanguinated seven days after the second injection. Both
decomplemented antisera were absorbed with homogenized
chicken liver, mouse liver powder, and thymus or bursa sus-
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pension as appropriate. The second antibody employed in
staining was fluorescein labeled goat anti-rabbit IgG (Cappel
Laboratories). The absorbed anti-thymocyte antiserum was
positive on thymus, negative on bursa, and labeled half of
spleen cells. Small lymphocytes stained in a concentric ring
pattern while monocytes/macrophages from peritoneal exu-
dates were large and had granular surface staining. The anti-
bursa antiserum was positive on bursa, negative on thymus, and
labeled a third of splenocytes. These antisera were used to
examine donor cells in kidney sections and in single cell
suspensions.
Monoclonal antibodies (MAb). Selected kidney tissue and
preparations of kidney derived lymphocytes from GLM immu-
nized birds and controls were examined with MAb. The first
was MAb T-3, from Dr. Albert Benedict, University of Hawaii,
Honolulu, Hawaii, USA. This antibody is a mouse IgG1 which
recognizes chicken T-cells and macrophages. Lymphocytes are
small and stain in a concentric ring pattern, while larger
macrophages/monocytes have a granular, lumpy membrane
pattern. Ascites fluid was used 1:20 by indirect fluorescence
using fluoresceinated anti-mouse 1:20 (Cappel Laboratories).
Other samples and tissue sections of nephritic birds were
examined with the following supernatants; M- 1, IgG2b directed
to the mu chain of B cells (Southern Biotechnology Associates,
Birmingham, Alabama, USA); CIa-i, 1gM isotype to chicken
Ia-like antigen (from Dr. Chen Lo Chen, University of Ala-
bama, Birmingham, Alabama, USA); and CMTD-i, 1gM
isotype to activated chicken macrophages (from Dr. Rodney
Dietert, Cornell University, New York, USA). The specificity
and pattern of staining of these MAb were confirmed on frozen
sections and in single cell suspensions from bursa, thymus,
spleen and peritoneal exudate cells. The second antibody to
mouse 1gM was fluoresceinated goat anti-IgM from Southern
Biotechnology Associates, 1:20.
C. Blast transformation studies
We further characterized lymphocytes derived from spleen
and kidneys from other groups of SC chickens immunized with
bovine GLM, CFA, or KLH in CFA. These studies examined
the in vitro response of lymphocytes to PHA (Difco Laborato-
ries, Detroit, Michigan, USA), basement membrane antigens,
PPD, and KLH.
Proteolytic digestion of basement membrane. Isolated bo-
vine and chicken GBM were digested with Clostridium
histolyticum derived collagenase Type I (Sigma Chemical Co.,
St. Louis, Missouri, USA) [61. The protein content of solubi-
lized GBM determined by the Lowry method was 0.98 mg/mI
for bovine, 0.92 mg/mI for chicken GBM. Chicken tubular
basement membrane (TBM) was similarly digested and used in
a final concentration of 0.87 mg/ml. For collagenase control, 5
mg unrelated protein (BSA) was digested in an identical fashion
to a final vol of 1 ml.
In vitro stimulation. Kidney and spleen lymphocytes were
prepared as described above. Cells were assessed for viability
by trypan blue exclusion and resuspended to a final concentra-
tion of 3 x l0 cells/ml supplemented RPMI-l640. Fifty to 100
l of cell suspension in each case were cultured in 300 l flat
bottom microtissue culture plates. Ratios of cells to antigens
were kept constant. PHA was used in a final concentration of 33
/Ll!ml as a positive control. All cultures were incubated at 41°C
in a humid 5% C02/air incubator for 48 hours. Two d 3H-
thymidine (6.7 Ci/mmol specific activity) were then added to
each culture which was further incubated for 16 hours. In blast
transformation studies with collagenase solubilized GBM and
TBM, 50 to 100 pi of solubilized GBM or TBM solution were
added to each culture. Collagenase controls were performed
using the same volume of BSAlcollagenase digest per well as for
GBM and TBM digests. Stimulation with PPD or KLH was
performed using PPD-CT68, 80 g protein/mi and KLH 100 to
250 jg/ml. The rest of the procedure was the same as with PHA
stimulation. Cultures were harvested by a Skatron cell har-
vester and radioactivity counted in a Beckman liquid scintilla-
tion counter (model S-230). Each test for PHA stimulation of
blood, spleen, and kidney derived lymphocytes from nephritic
and CFA controls was performed twice in quintuplicate. Each
test for stimulation of kidney drived lymphocytes with solubi-
lized GBM, TBM, BSA, PPD or KLH was performed at least
twice in triplicate to quintuplet. In each case, cpm were
corrected for background activity.
Statistical analysis
Data are expressed as mean SEM. Data were entered into a
VAX (Digital Equipment Co., Maynard, Massachusetts, USA)
and analyzed by SAS programs. These included Student's t-test
(two tailed), Chi-square, Fishers exact test (two tailed), analysis
of variance with the Duncan's multiple range test, Wilcoxon
rank sums, Kruskal-Wailis test, median scores, and Pearson
correlation coefficient. Selection of the most appropriate type of
analysis and analysis of data was accomplished by Dr. Donald
Kaiser, Director of Clinical Computing.
Results
GN in donor chickens
The histopathology and immunofluorescence status of indi-
vidual chickens immunized with different types of GLM is
presented in Figure 2. Chickens immunized with each of the
GLM preparations had the same type of proliferative GN
described in Table 1 and Figure 1. The hypercellularity ap-
peared to be related to endogenous mesangial cell growth. We
rarely observed cells identifiable as blood leukocytes, and
occasionally noted mitotic figures in resident mesangial cells.
There was little correlation between the severity of histologic
lesion and GBM deposits. The degree of proliferation increased
with time in each group. Adhesions were occasionally observed
between Bowman's capsule and glomerular tufts, and crescents
occurred in some birds, No glomerular proliferation occurred in
controls. Mononuclear interstitial infiltrates of variable inten-
sity were present in all birds. Infiltrates were most frequent in
birds immunized with bovine and chicken GLM. CFA, turkey
and human GLM immunized animals had infiltrates of similar
intensity comparable quantitatively to normal birds. In most
cases, infiltration was seen in intertubular locations but at times
lymphocytes were also present around Bowman's capsule. The
most severe infiltrates were nonetheless always focal and
involved less than 1% of cortical area. There was no evidence of
tubular atrophy.
Linear deposits of chicken IgG on the GBM were related to
the type and number of immunizations. The intensity of these
deposits increased with time in human and bovine GLM immu-
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Fig. 2. Composite of histopathologic and immunofluorescence scoring for individual donor chickens immunized with GLM. Histopathologic
scores are illustrated by open symbols and immunofluorescence scores by solid symbols. For each time period, individual birds have the same
shaped symbol. The solid line provides the average histologic score, while the dashed line is the average intensity of IgG along the GBM.
nized birds, although there was little correlation between IgG
deposits and proliferation in individual animals. In turkey GLM
immunized animals, only minimal amounts were present and
decreased alter the eighth immunization. Chicken GLM immu-
nized birds had negligible amounts of IgG on the GBM at any
time. This group did have linear deposits of IgG of 1 to 2+
intensity on the TBM. TBM deposits were not observed in the
other groups. No 1gM, IgA, C3 or fibrin deposits were present
in any of the nephritic or CFA controls and no IgG was
detectable in controls.
Cellular composition in tissue sections. Analysis of sections
with MAb, anti-thymocyte, and anti-bursacyte antisera re-
vealed T-cells within glomeruli, in a periglomerular location,
and in the interstitium (Fig. 3A). CFA control and normal
animals as well as GLM immunized birds had positive cells.
Zero to two cells were generally observed within GLM whereas
a variable number of periglomerular T-cells were routinely
seen. In normal birds T-cells were scattered throughout the
interstitium. The number of T-cells appeared increased in
nephritic birds, and interstitial clumps of T-cells were occasion-
ally present (Fig. 3B). Anti-B-cell antiserum revealed very few
cells in interstitial infiltrates, periglomerular cellular infiltrates,
or GLM. We sometimes observed B-cells in these areas, but the
ratio of B to T-cells was much less than 1: 100. We did observe
B-cells within the medullary collecting system.
Ultrastructural studies. Hypercellularity appeared to result
from a marked increase in resident mesangial type I cells [101.
We only occasionally observed type II (macrophage like) cells
and did not detect any lymphocytoid cells in these specimens.
No changes occurred in chickens injected with CFA alone. No
dense deposits were observed in any specimens.
Transfer of disease with cells
Results of transfer studies are presented in Table 2.
No GLM proliferation was observed in recipients of control
cells (Fig. 4A) except one bird at 10 weeks. However, GLM
proliferation develop in normal recipients of spleen cells from
nephritic donors. The degree of GLM proliferation generally
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Table 2. Occurrence of glomerulonephritis in recipients of cells
Group
Donor GLM
and (cell
source)a
Number
of cells
transferred
Number of
recipient
chickens
Time of biopsy
2 wk 6 wk 10 wkb
1 Chicken (S) 1.6 x 108 5 4/5
2 Human (K) 1.0 X l0 4 0/1 3/3 4/4
3 Turkey (K) 1.6 x l0 4 2/2 1/2 1/2
4 Bovine (K) 1.3 x 106
1.9 x iO
3 0/1 1/2 2/2
5 Chicken (K) 3.1 x 108 6 1/5 4/5 —
6 CFA (S)/ 1.3 x 108 4 0/4
7 CFA (K) 1.0 >< io 5 0/2 0/2 1/3
a Abbreviations are: S, spleen; K, kidney; CFA, complete Freund's adjuvant.b Numerators indicate number of chickens with GN; index> 1.0; denominators, number of chickens examined. Total number of recipients =
31; 22 received cells from nephritic donors, 9 cells from CFA controls. Twelve recipients of cells from nephritic donors had two tissue specimens
at different time intervals, i.e., serial biopsies. There were four repeat biopsies at 6 wks and eight at 10 wks. Two controls had repeat biopsies at
10 wks. There were thus 34 specimens from recipients of cells from nephritic donors and 11 specimens from recipients of control cells.
sionally noted in mesangial cells in nephritic recipients. Adhe-
sions and small crescents were occasionally observed in trans-
ferred disease.
The histologic index in cell recipients is plotted against weeks
after receipt of cells in Figure 5. By two weeks three of nine
recipients of cells from GLM sensitized animals had a histologic
index greater than one. The two controls had normal indices. At
six weeks after receipt of cells, 13 of 17 recipients of cells from
GLM immunized animals had an abnormal index while none of
the six controls showed abnormalities. At ten weeks, the last
time point, seven of eight recipients of GLM-sensitized donor
cells showed proliferation. One of three remaining control
animals had an abnormal histologic index. Thus, during the
period of observation, abnormal indices were observed in 23 of
34 tissue sections studied, representing development of GN in
18 of 22 recipients of cells from GLM immunized donors
compared to 1 of 9 controls. Mild interstitial infiltration oc-
curred in all recipients of cells and was not different between
recipients of cells from nephritic compared to control donors.
Effect of antigen
Fig. 3. A. Normal kidney stained with anti-thymocyre antiserum illus-
trating interstitial cells. A positive cell within a glomerulus is indicated
by the arrow. x 256. B. Clump of cells in EAG donor bird, all positively
stained with anti-thymocyte antiserum. x 256.
ranged from 1 to 2+ (Fig. 4B) although some birds had
glomeruli with 3+ proliferation (Fig. 4C). In all cases the
hypercellularity appeared to result from resident mesangial
cells. Polymorphonucleocytes, monocytes and lymphocytes
were seldom observed. In addition, mitotic figures were occa-
No disease developed in any normal recipient that received
solubilized GBM antigen alone, CFA immunized donor cells
incubated with antigen for three days, or CFA immunized
donor cells incubated three days without antigen.
Antibodies, No antibody was detected either on GBM or in
the circulation of recipients of sensitized or normal cells regard-
less of the amount of antibodies present on GBM of donor
animals, Anti-GBM antibodies were present in eluates of kid-
neys from donor birds by ELISA. ELISA's performed on
eluates of recipients demonstrated no bound anti-GBM anti-
body.
Sera from KLH immunized and CFA control donors were
positive against PPD in ELISA (0.648 0.036 O.D. at 1: 100,
read at 414 nm for six donors vs. 0.013 for pooled control sera).
KLH immunized animals also had circulating antibody to KLH
by ELISA. Pooled normal chicken sera were negative by both
assays.
Characterization of transferred cells
Electron microscopy. Ultrastructurally, cells derived from
kidney by Lymphoprep separation contained two populations.
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The first was tubular cells, white the second had the typical
appearance of lymphocytes (Fig. 6), including indented nuclei
with peripheral pseudopodia and a large nuclear/cytoplasmic
ratio. A small complement of sparse cytoplasmic organelles and
ribosomes were visible within the cytoplasm.
Surface markers: Surface 1g. In GLM immunized donor
animals, one-third of spleen lymphocytes bore surface Ig (33.1
2.6%), while one-sixth of peripheral blood derived lympho-
cytes were positive (15.9 1.1%). The percentage of Ig positive
cells from spleen or blood was the same for control animals
(CFA 32.4 2.4 spleen, 15.1 0.1 blood). Less than one
percent of kidney derived cells from GLM or CFA birds were
surface Ig positive.
Polyclonal antibody. As observed in donor tissue sections,
essentially all cells stained positively with anti-thymocyte anti-
serum. Less than 1% were positive with the anti-bursacyte
antiserum.
Monoclonal antibody. Studies of preparations of kidney
derived mononuclear cells confirmed that essentially all cells
were T-lymphocytes. Less than 1% of cells in section or
isolated by Lymphoprep were B cells or activated macro-
phages.
Blast transformation. Results of blast transformation studies
are presented in Table 3. PHA produced blast transformation of
lymphocytes derived from peripheral blood, spleen and kidneys
of both nephritic and CFA control animals. Kidney derived
cSAfJ
Fig. 4. (II. ti showing represenwlire hLctoiogv in cell recipients.
Normal nucleated chicken red cells are indicated by arros . A. Two
wks after receiving kidney derived lymphocytes from donors
immunized v.jlh CFA (control). B. and C. GLM of a chicken receivir
kidney derived lymphocytes from donors immunized with GLM. H a
C are biopsies from the same chicken taken at 2 and 10 wks after
receiving cells. All photographs are at the same original magnificatior
(H&E x 450).
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Table 3. Blast transformation in GLM immunized and control chickensa
Bovine GLM immunization CFA immunization
Peripheral Peripheral KLH/CFA
Kidney Spleen blood Kidney Spleen blood spleen
Bovine GBM 18,000 1,240 0 0 0 0 0 —
Chicken GBM 13,032 727 — — — — — —
Chicken TBM 6,933 279 — — — —
Collagenase BSA 0 — — — — — —
PPD 0 — — — — — 3,308 747
KLH — — — — — — 2,340 285
PHA-M 25,tlOO 2,000 33,000 1,800 62,000 3,000 22,000 750 26,000 1,200 57,000 5,000 28,156 3,804"
a Data presented as cpm SEM, background subtracted; — not done. Abbreviations are: BSA, bovine serum albumin; KLH, keyhole limpet
hemocyanin.
b Mitogen stimulation in these birds, Con A 3 g/ml
lymphocytes from nephritic animals were stimulated by colla-
genase solubilized bovine GBM, but those derived from kid-
neys of CFA controls were not. Nephritic kidney lymphocytes
were also stimulated by chicken GBM, and to a lesser degree,
by chicken TBM. They were not stimulated by collagenase-
BSA control or PPD. Spleen and peripheral lymphocytes did
not stimulate with GBM antigen despite appropriate response to
PHA. Control CFA birds did nOt respond to GBM, but a cohort
did undergo blast transformation to PPD and KLH (stimulation
index 8.0) after immunization with KLH in CPA.
Discussion
We have previously described production of EAG in chick-
ens immunized with bovine GLM [5, 6, 10]. The disease is
characterized by proliferative GN with crescents. Proteinuria
does not develop, although difficult to measure because of the
cloaca, and foot processes are preserved regardless of the
degree of proliferation [10]. Serum creatinines remain normal
[5, 61 and 51 chromium EDTA clearances are not different
between nephritic and control birds, (unpublished observation)
possibly related to the unique architecture of the avian kidney.
GN spares reptilian type GLM until very late in disease and the
renal portal blood supply allows tubular function to continue in
the presence of GLM damage. In normal animals anti-GBM
antibody is present in the circulation and on the GBM but is not
correlated with severity of GN [6]. Disease also develops in
humorally impaired birds without detectable antibody to base-
ment membrane. Transfer of IgG eluates from nephritic kidneys
results in fixation of IgG on naive recipients GBM in quantities
similar to that seen in nephritic birds, but without development
of GN. Cell transfers in randomly bred birds were associated
with increased glomerular uptake of tntated thymidine in recip-
ients of cells from nephritic compared to control donors. These
observations suggested the GN resulted not from antibody, but
by other mechanisms, possibly CMI. The purpose of the
present studies was to extend these observations utilizing a
strain of histocompatible animals so that cell transfers could be
accomplished without a graft versus host reaction.
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Fig. 5. Graphic representation of the
histologic index in recipient birds' kidney
specimens at 2, 6, and 10 weeks. Each index
point is derived from 40 blinded GLM scores.
The upper limit of normal is an index of 1.0.
Recipients of cells from nephritic donors are
represented by solid symbols, open are
specimens from recipients of control cells.
Recipients of nephritic cells are significantly
different from control recipients at each time:
2 wks, P = 0.0016; 6 wks, P = 0.0005; and 10
wks, P = 0.0323.
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Fig. 6. Electron micrograph of lymphocyte pellet derived from ne-
phritic donor chickens. Thecells are typical lymphocytes with indented
nuclei, peripheral pseudopodia and a moderate amount of cytoplasm.
(x 8,033)
In other models of anti-GBM nephritis, degree of antibody
formation and proliferation is dependent upon the species of
immunizing antigen and species used for the model [17—2 1]. For
these reasons we immunized donors with four different types of
GLM to provide a wide phylogenetic spectrum. GN developed
in all animals that received GLM, regardless of source of GLM.
Proliferative lesions were first seen around the fifth immuniza-
tion (8 to 10 weeks of immunization) and increased with time.
There were no statistically significant differences in time course
or degree of proliferative GN. Lesions of 2+ intensity were not
generally seen until 12 to 14 weeks after initiation of immuni-
zation and thereafter increased with time. Mild interstitial
infiltrates were observed in all animals, including controls.
Slight mononuclear cell infiltrates are frequently observed in
normal chicken kidneys. Only animals immunized with human
and bovine GLM developed progressive deposits of chicken
IgG along the GBM which increased with time as seen in
randomly bred animals [5, 61. In birds immunized with turkey
GLM, phylogenetically much closer than human and bovine,
intensity of GBM staining was much less. In birds immunized
with GLM from randomly bred chickens, only minimal deposits
of IgG were present on the GBM. These animals however, had
anti-TBM antibodies with intensity of I to 2+. This was not
seen in other groups, and may be related to difficulty in
obtaining pure glomerular preparations of chicken GLM with-
out tubular contamination.
Attempts to transfer GN were performed with cells derived
from each of the four donor types. In initial studies we
transferred splenic lymphocytes from chicken GLM-immunized
donors. In this study, animals were all sacrificed six weeks after
receipt of cells. GN developed in 4 of 5 of these animals. Since
autoimmune thyroiditis in chickens can be transferred by cells
derived directly from thyroid gland much more efficiently than
those from peripheral blood or spleen [22], we utilized cells
from nephritic kidneys for the remainder of the experiments.
GN developed in one third of animals evaluated at two weeks
and ultimately in 82% of all animals that received cells from
nephritic donors. Histologic changes in recipients of sensitized
cells were similar to the original donor GN, although crescents
and adhesions were not frequent. This may be related to the
time course since these animals were sacrificed at six to ten
weeks after receipt of cells. Proliferation of more than 2+
intensity was not observed in donor animals (Fig. 2) until at
least sixteen weeks after the initiation of immunization. Thus,
proliferative GN developed at an accelerated rate in recipients
of sensitized cells compared to cell donors immunized with
GLM.
Transfer of antigen-induced disease by cells raises the ques-
tion of a role of active immunization by transferred antigen. It
seems unlikely, however, that antigen transferred with cells
produced the GN in naive recipients: 1.) all kidney derived
donor cell preparations were performed identically, thus anti-
gen present in GLM immunized cell donors would be present in
CFA immunized donors—yet the latter did not transfer disease;
2.) GN developed within two to six weeks in recipients, while in
GLM immunized birds, seven or more weeks are typically
required for the earliest disease expression; 3.) very small
amounts of antigen at best would be transferred as cell adherent
contaminants; relatively large amounts, 5 mg in CFA, produced
minimal disease even after prolonged immunizations (unpub-
lished observation); and 4.) antigen in doses that stimulated
blast transforamtion in vitro produced no disease when given
parenterally either alone or after incubation with non-sensitized
lymphocytes for three days.
Anti-GBM antibody was present in donor kidney eluates and
serum by indirect fluorescence and ELISA as well, but absent
from recipient kidney serum and eluates. There was no corre-
lation between antibody deposits in vivo and proliferative GN
in donor animals. We previously showed that GBM bound
antibodies are present by five weeks after primary immuniza-
tion and showed that injection of eluates of nephritic kidney
into naive birds resulted in strong fixation of antibody to GBM
without production of GN [5, 6]. Since we were unable to detect
any deposits in recipients by direct fluorescence examination of
kidney tissue, in eluates, or in serum, it seems unlikely that any
antibody, if present and undetected, played a major role in the
transferred GN.
Transfer of organ specific disease by cells has been demon-
strated in thyroiditis in chickens, autoimmune orchitis in guinea
pigs, hepatitis in mice, allergic encephalomyelitis in rats, and
spontaneous diabetes in BB/W rats [22—3 11. Although GN has
not previously been transferred by cells alone, several investi-
gators have demonstrated transfer of tubulointerstitial nephritis
[32, 331. Transfer of nephritogenic T-cells from mice with
tubulointerstitial nephritis results in the production of disease in
naive recipients but usually without the presence of anti-TBM
antibody—as was observed here [33]. In the murine interstitial
nephritis model, disease susceptibility appears to be controlled
by a splenic suppressor cell system [34]. Several observations
suggest that similar mechanisms may be operative in the
present model: chickens have high level suppressor cell activity
in spleen and peripheral blood [35, 36] and augmentation of
transferred disease in avian models of GN and thyroiditis
occurs after cyclophosphamide [6, 24], perhaps through depres-
sion of a suppressor cell system [29, 30, 37—39]. Further studies
will be needed to determine if this type of suppressor system is
indeed involved in the present model.
608 Bolton el al: Cell mediated glomerulonephritis in chickens
Other investigators have examined the role of CMI in the
development of GN. Macrophages have been identified in
nephritic GLM of experimental animals and man, participate in
nephrotoxic and acute serum sickness nephritis, and derive
from host bone marrow [40—50]. Damage mediated by macro-
phages can be abrogated with antimacrophage antiserum or
irradiation [47, 51—53]. Less information is available for in-
volvement of sensitized lymphocytes. Mauer et at were unable
to produce GN with transferred lymphocytes from sensitized
donors [54]. Bhan et al administered subnephritogenic amounts
of nephrotoxic serum followed by lymphocytes or T-cells
obtained from donors pre-immunized against the nephrotoxic
IgG [55]. Only rats given anti-GBM antiserum as well as
lymphocytes sensitized to the immunoglobulin showed GLM
proliferation. Autoradiography was necessary to show the
proliferation. He also gave rats preformed soluble immune
complexes which localized to the mesangium [56]. Again,
lymph node cells or T-cell enriched populations from sensitized
donors produced mild proliferation detected by autoradiogra-
phy. In other studies, Kreisberg, Wayne and Karnovsky ad-
ministered nephrotoxic serum to rats and showed that endoge-
nous lymphocytes resulted in a change in the glomerular sialic
acid content [57]. More recently, Tipping, Neale and Holds-
worth, using monoclonal anti-rat T-cell antisera in a
nephrotoxic nephritis model, have shown accumulation of
T-helper cells in GLM prior to proliferation mediated by
macrophages [58]. Cyclosporine prevented T-cell accumulation
and subsequent injury [58, 59]. These various studies suggest a
specific interaction with sensitized T-cells and some type of
bound GLM antigen with consequent elaboration of factors to
alter basement membrane permeability, attract exogenous
cells, and stimulate proliferation of endogenous cells [47, 48,
60—62]. Macrophages alone in the absence of lymphocytes
appear capable of inducing glomerular damage in some models
[63]. These mammalian models have used an exogenous, acute-
ly-administered planted antigen, either in the mesangium or
along the basement membrane, for induction of the disease. In
the present model, no exogenously-administered planted anti-
gens are used and the native GLM, and presumably GBM, are
the target antigens for the cells.
We utilized a variety of techniques to characterize the
transferred cells. Cells derived from donor kidneys appeared to
be lymphocytes by phase microscopy, sedimentation properties
on Lymphoprep, Wrights stain and cytologic examination.
Ultrastructural features were also consistent with lymphocytes.
Surface immunoglobulin was absent on most of the cells de-
rived from kidneys. This suggested that most transferred cells
were T-cells. Rabbit anti-serum to chicken thymocytes stained
cells in donor kidney specimens and essentially 100% of kidney
derived cell suspensions (excluding tubular cells). Less than 1%
of cells stained with anti-bursa cell anti-serum. Studies with
MAb confirmed these findings.
Since macrophages have been shown to be of critical impor-
tance in the proliferation and resultant functional abnormalities
in several animal models of GN [47, 48, 51, 52], we were
surprised not to identify these cells in kidneys with MAb. The
MAb utilized here are directed against activated macrophages,
not monocytes. Cells detected with the MAb to activated
macrophages were less than 0.1% of all cells noted. Activated
macrophages, however, may comprise an extremely small
portion of cells involved in production of GN [64]. In addition,
these are acute models while EAG in chickens develops over
weeks and months. Further definition of cells involved and their
functional roles will require studies with specific probes di-
rected against T-cells and their subsets.
Additional attempts to characterize cells utilized in vitro
assays of blastogenic response to mitogens and solubilized
antigens. Kidney derived cells from animals immunized with
bovine GLM demonstrated a blastogenic response to PHA and
bovine and chicken GBM, and to a lesser degree to chicken
TBM. These cells did not respond in vitro to PPD. However,
this strain demonstrates minimal in vitro delayed-type hyper-
sensitivity to Mycobacterium tuberculosis [65], and wattle tests
to PPD in nephritic and controls birds have consistently been
negative (personal observation). Other chicken strains respond
well to PPD in vitro (JJ Warren chickens, unpublished obser-
vations) and have delayed hypersensitivity skin reactions to
PPD [61. Spleen and peripheral blood lymphocytes did not
respond to antigen, yet spleen cells transferred disease. This is
similar to experimental allergic encephalomyelitis in rats, in
which no proliferation occurs upon exposure of spleen cells to
antigen, yet spleen cells transfer disease [28, 29]. Control birds
responded to PHA but not GBM, and spleen cells underwent
blast transformation to PPD. In addition, spleen cells from
KLH/CFA immunized birds responded to KLH in vitro and to
PPD as well. These findings indicate that immunization of SC
birds with CFA results in stimulation of CMI in non-GLM
immunized control birds. Further evidence that control donor
birds were indeed hyperimmunized is provided by detection of
antibodies to PPD in these animals.
Thus, cells which transfer EAG appear to be T-lymphocytes.
It is not possible at this time, however, to eliminate the
possibility that other cells may have played a role in develop-
ment of GN. Future studies to purify subsets of transferred cells
will be required to delineate the role of T-cells and their subsets
alone in the production of EAG in chickens. This model
demonstrates for the first time that GN can and indeed does
occur in the absence of antibody and as a consequence of
sensitized cells. This new pathogenetic process may play an
important role in the development of certain types of ON in
animal models, and in man, in which minimal or no immune
deposits may be observed despite the presence of ON.
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